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Summary. The sorption behavior of Eu(III), Sm(III), Np(V),
Pu(V), and Pu(IV) in the presence of calcite and as a func-
tion of pH and carbonate alkalinity was measured by batch
sorption experiments. Eu(III) and Sm(III) sorption is simi-
lar, consistent with their observed aqueous speciation and
precipitation behavior. For both rare earth elements, sorption
decreases at the highest and lowest measured pHs. This is
likely the result of speciation changes both of the calcite
surface and the sorber. An increase in the equilibrium CO2(g)
fugacity results in a shift in the sorption behavior to lower pH,
consistent with a predicted aqueous speciation shift. Np(V)
and Pu(V) sorption exhibited a strong pH dependence. For
Np(V), Kds range from 0 to 217 mL/g suggesting that car-
bonate aqueous speciation as well as changes in the calcite
surface speciation greatly affect Np(V) sorption to the cal-
cite surface. Similar behavior was found for Pu(V). Pu(IV)
sorption is also strongly pH dependent. Sorption decreases
significantly at high pH as a result of Pu-carbonate complex-
ation in solution. A surface complexation model of Sm(III),
Eu(III), Np(V), Pu(V), and Pu(IV) sorption to the calcite
surface was developed based on the calcite surface speciation
model of Pokrovsky and Schott [1]. Sorption data were fit
using one or two surface species for each sorber and could
account for the effect of pH and CO2(g) fugacity on sorption.
A relatively poor model fit to Pu(IV) sorption data at high pH
may result from our poor understanding of Pu(IV)-carbonate
aqueous speciation. While our surface complexation model
may not represent a unique solution to the sorption data,
it illustrates that a surface complexation modeling approach
may adequately describe the sorption behavior of a number
of radionuclides at the calcite surface over a range of solution
conditions.

1. Introduction

The interaction of radionuclides with calcite is likely to
affect radionuclide transport behavior in the geosphere at
a number of radionuclide contaminated sites. For example,
calcite minerals are abundant in the caliche layer below the
Hanford Reservation, USA [2] and may provide a trans-
port barrier for certain radionuclides. Calcite is found in
great abundance at the Marshall Islands, a location used for
atmospheric testing of nuclear devices in the 1940’s and
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1950’s [3]. Calcite is also found in relatively large quan-
tities in the subsurface of the Nevada Test Site and along
the fracture surfaces in thehost rock at the proposed Yucca
Mountain nuclear waste repository, USA [4].

The pH and carbonate alkalinity were previously shown
to affect divalent cation sorption to calcite [5] and are likely
to affect REE and actinide sorption as well. For divalent
cations, sorption tends to decrease with pH most likely as
a result of the increasing positive charge on the calcite sur-
face. Carbonate alkalinity is likely to affect sorption to cal-
cite as a result of both aqueous complexation with REEs and
actinides and competitive carbonate sorption to the calcite
surface.

In this paper, Sm, Eu, Np, and Pu sorption as a function
of pH and carbonate alkalinity are reported and compared
to available published data. A Sm, Eu, Np, and Pu surface
complexation (SC) model based on recent models of cal-
cite surface speciation [1, 6, 7] is developed. While the SC
reaction constants do not constitute a unique solution (sig-
nificantly more sorption data along with spectroscopic infor-
mation would be required to develop a well calibrated SC
model), they provide guidance in understanding the behav-
ior of the radionuclides as a function of pH and carbonate
alkalinity. The SC model of the calcite surface can be used to
explain the effects of pH and carbonate alkalinity on Sm, Eu,
Np, and Pu sorption over the range of conditions examined
here. The modeling reported here is believed to be one of
the first attempts to describe radionuclide sorption to calcite
using a surface complexation model.

1.1 Background – REE and actinide sorption
to calcite

Limited data available in the literature regarding REE and
actinide sorption to calcite suggest that calcite can be an
important sorbent. For example, the sorption of Np(V) to
a variety of minerals was reported at pH 8 and in distilled
water and seawater [8]. It was found that Np(V) sorbs to
calcite more strongly than to most minerals, with the order
of decreasing sorption strength being: aragonite≥ calcite>

goethite> MnO2 ≈ clays. The data suggest that calcite is
an important sorbent for Np(V) under these conditions. The
sorption of Pu(V) to a variety of minerals was reported under
similar solution conditions [9]. Pu(V) was found to sorb to
calcite only slightly less than to goethite. Unlike Np(V) and
Pu(V), sorption of U(VI) to calcite (as a function of both pH
and carbonate alkalinity) appears to be quite weak [10].
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Trivalent actinides and REEs sorb very strongly to cal-
cite. For example, in seawater, Am(III) sorbs to calcite with
a Kd greater than 105 mL/g [11]. A Nd(III) Kd of 103.4 mL/g
was reported in pure water at 50◦C [29]. The sorption and
coprecipitation of trivalent REEs to calcite [12] is quite
strong under seawater conditions with theKd decreasing
slightly with REE atomic number.

Calcite coprecipitation and sorption data were recently
critically evaluated using an empirical partitioning coef-
ficient model [13]. Radionuclide partitioning coefficients
were correlated to known chemical properties of the ra-
dionuclides (radionuclide solubility products and ionic radii)
to provide a set of empirical partitioning coefficients. How-
ever, these partitioning coefficients do not account for the
effects of pH and carbonate alkalinity (or any other sur-
face or solution speciation effects) and can, therefore, be
regarded as limited in their applicability.

Some spectroscopic information regarding the sorption
behavior of trivalent actinide and REEs is available in the
literature. Time-resolved laser fluorescence spectroscopy
measurements of Cm(III) sorption to calcite suggest that
Cm(III) is initially sorbed at the hydrated calcite surface
with coordination similar to the aqueous tetracarbonato
species [30]. Over time, Cm(III) was shown to slowly dehy-
drate and incorporate into the calcite structure, on the scale
of months [30]. Similarly, Eu(III) was found to be predom-
inantly sorbed as a hydrated surface species on calcite with
only a small fraction apparently incorporated into the cal-
cite solid [31]. The nature of the hydrated calcite surface
was suggested to be composed of several near-surface layers
of calcite, as initially suggested in [32] for Cd2+ sorption.
However, recent spectroscopic examination of the calcite
surface suggests that hydration only occurs at the termina-
tion of the bulk structure (see [33] and references therein).
Recent Cd2+ uptake experiments suggest that, adsorption at
the surface occurs initially and is later followed by solid-
state diffusion [34]. This is consistent with Cm(III) sorption
data reported in [30] and can explain Eu(III) sorption data
reported in [31]. The sorption experiments reported here
focus on adsorption at the calcite–water interface. For ad-
sorption modeling purposes, sorption reaction times were
kept short (24 to 48 hours) to ensure that adsorption was
distinguished from radionuclide incorporation (by precipita-
tion, solid-state diffusion or other processes) into the solid.
In some cases, sorption experiment times were extended to
up to 30 days to examine whether radionuclide incorporation
over longer times would be observed.

1.2 Background – calcite surface complexation
modeling

There are many models that have been used to describe SC
reactions (non-electrostatic, constant capacitance, diffuse
layer, triple layer, and others). However, a description of the
calcite mineral surface based on a SC model was proposed
only recently [7]. Previously, most sorption reactions on the
calcite surface were described either as surface exchange re-
actions (partitioning coefficients) or simply reported asKd

distribution coefficients. For example, Zacharaet al. [5] de-
scribed the sorption of a variety of divalent cations on the
calcite surface as an exchange reaction between surface Ca

ions and the divalent cations (i.e. >Ca2+ +M2+ ⇔ >M2+ +
Ca2+). While this partitioning model works well for the ex-
change of divalent cations with surface Ca ions as well as the
exchange of selenite with surface carbonate [14], the use of
a simple partitioning model in cases where the sorbing ion
has a charge that is different from Ca2+ (or CO3

2−) results
in a reaction charge imbalance. Van Cappellenet al. [7] pro-
posed a SC model for calcite that would account for changes
in the surface charge and surface speciation as a function
of solution conditions. This SC model was further evalu-
ated and refined for the calcite and dolomite surfaces using
diffuse reflectance infrared (DRIFT) spectroscopy [6]. More
recently, a SC model for a number of divalent metal carbon-
ates was developed based on additional electrophoretic mo-
bility and extrapolated aqueous speciation data [1]. Marin-
Garin et al. [34] effectively used both a surface exchange
and a SC model to describe Cd2+ sorption to the calcite sur-
face. Using stirred flow-through reactors, they were able to
distinguish between short-term surface adsorption and long-
term incorporation of Cd(II) into the calcite solid. We used
the most recent SC model [1] to simulate Sm, Eu, Np, and
Pu sorption to the calcite surface as a function of pH and
carbonate alkalinity. The experiment reaction time was kept
relatively short to ensure that adsorption to the calcite sur-
face was the predominant sorption mechanism.

2. Methods

2.1 Calcite sorbent

Reagent-grade calcite was aged for several months in
0.02 mol/L NaHCO3(aq) to establish calcite crystallites
with a more uniform particle diameter. This recrystalliza-
tion procedure was used by Zacharaet al. [5] to reduce
the likelihood of recrystallization effects during sorption ex-
periments. After several months of ageing, the calcite was
filtered, washed with distilled water and then dried. The
surface area of the calcite, measured by N2(g) BET, was
found to be 0.262 m2/g. SEM analysis of recrystallized cal-
cite showed rhombohedral particles ranging between 4 and
10 micrometers in size, consistent with BET measurements.

2.2 Calcite equilibrated batch sorption solutions

Two sets of solutions were prepared for batch sorption ex-
periments. The first set of solutions was prepared at equilib-
rium with atmospheric CO2(g) (0.03%). The second set of
solutions was prepared at equilibrium with 1% CO2(g).

For the 0.03% CO2(g) solutions, ten solutions ranging
from pH 7.50 to 9.75 (at 25◦C) were prepared by mix-
ing HCl, Na2CO3, CaCl2, and NaCl to achieve the desired
solution composition and an ionic strength of 0.1. These so-
lutions were then bubbled in air (0.03% CO2(g)), calcite
was added to the solutions to ensure calcite equilibrium, and
the solution pH was adjusted with Na2CO3 or HCl using
a pH-stat apparatus until a stable solution pH was reached
(up to several days). A stable pH was assumed to indi-
cate equilibrium. Carbonate alkalinity (measured with an
OIC 524 carbon analyzer using direct injection) and calcium
concentrations in solution (measured using ICP-AES) were
checked to ensure equilibrium with respect to calcite and
0.03% CO2(g).
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For the 1% CO2(g) solutions, nine solutions ranging from
pH 6.75 to 8.75 at 25◦C were prepared by mixing HCl,
Na2CO3, CaCl2, and NaCl to achieve the desired solution
composition and an ionic strength of 0.1. These solutions
were bubbled with 1% CO2(g) in N2(g) and adjusted to
the prescribed pH using a pH-stat until equilibrium was
achieved. All solutions were stored in sealed polyethylene
bottles that contained a small amount of calcite to ensure
calcite equilibrium in solution. Carbonate alkalinity and cal-
cium concentrations in solution were checked to ensure
equilibrium with respect to calcite and 1% CO2(g).

2.3 Sorption experiments

2.3.1 Sm(III) and Eu(III)

Three sets of batch sorption experiments were performed for
Sm(III) and Eu(III). In the first, sorption was measured in
the 0.03% CO2(g) solutions after 24 hour equilibration. In
the second, sorption was measured in the 0.03% CO2(g) so-
lutions after 30 day equilibration. In the third, sorption was
measured in the 1% CO2(g) solutions after 24 hour equili-
bration. For each set of batch sorption experiments, 40 mL
filtered and calcite-equilibrated solution and 50 mg calcite
was added to Teflon centrifuge tubes. After 24 hours of
equilibration, 40µL of 10−4 mol/L Sm(III) or Eu(III) was
added to achieve a starting concentration of 10−7 mol/L. At
the end of each set of sorption experiments, solutions were
centrifuged instead of filtered to avoid potential losses of
Sm(III) or Eu(III) to the filter membranes. Sm and Eu sorp-
tion solutions were centrifuged for 11 minutes at 5000 rpm
which was expected to remove> 150 nm particles from so-
lution. Based on solubility, formation of real colloids at
the experimental Sm/Eu concentrations was not expected.
The residual Sm(III) or Eu(III)in solution was measured
and used to calculate the percent sorbed. Solution Sm(III),
Eu(III), Na, and Ca concentrations were analyzed by ICP-
MS or ICP-AES. Solution pH was measured at the start and
end of each sorption experiment; no significant change in pH
was observed. Blank solutions were run alongside all sorp-
tion experiments and showed little or no loss of Eu(III) or
Sm(III) to container walls.

2.3.2 Np(V)

The procedure used for Np(V) sorption experiments was the
same as for Sm(III) and Eu(III). However, sorption of Np(V)
was measured only in 0.03% CO2(g) solutions and only after
24 hours. The residual Np(V) in solution was measured after
centrifugation by scintillation counting. No loss of Np(V) to
container walls was observed in blank solutions.

2.3.3 Pu(IV) and Pu(V)

Sorption of Pu(IV) and Pu(V) was measured only in 0.03%
CO2(g) solutions and after 48 hour and 7 day equilibra-
tion times. Approximately 125 mg of calcite was added to
25 mL filtered calcite-equilibrated solutions (∼ 5 g/L cal-
cite) in polycarbonate centrifuge tubes. Starting Pu concen-
trations were 5×10−9 mol/L Pu(IV) or 10−7 mol/L Pu(V).
The Pu(IV) solution was composed of a mixture of isotopes
dominated by239Pu (92.6%) and240Pu (6.6%). The Pu(V)

solution was composed largely of242Pu (99.9%). The re-
sidual Pu(IV) or Pu(V) in solution was measured by scintil-
lation counting after centrifugal filtration with∼ 4 nm filters
(Aminco, Centricon-SR3). Samples were centrifuge filtered
to ensure that real Pu colloids were removed from the super-
natant. Parallel blank samples showed little or no loss of Pu
to container walls or filters during sorption experiments.

2.4 Aqueous speciation

Aqueous speciation constants used to model the batch
sorption solutions were taken from a variety of sources
(Table 1). Major ion speciation was calculated using the
GEMBOCHS speciation database [15]. Sm(III) and Eu(III)
aqueous speciation was taken from Spahiu and Bruno [16]
and Hasset al. [17]. The Eu(CO3)3

3− species reported in
the GEMBOCHS database was also included in our initial
speciation calculations. Under the experimental conditions
reported here, the tri-carbonate species was determined not
to be significant. The Np(V) and Pu(V) speciation data were
taken, in part, from the recent NEA publication of recom-
mended reaction constants [18]. A NpO2(CO3)3

5− species
was not included in the NEA publication but was available
in the GEMBOCHS database and compared well with the
PuO2(CO3)3

5− species included in the NEA database. Very
little speciation data is available from the recent NEA publi-
cation regarding the complexation of Pu(IV) with hydroxide
and carbonate ions. Thus, Pu(IV) hydroxide speciation was
based on data from Lemire and Tremaine [19]. The Pu(IV)
hydroxy-carbonate and carbonate species reaction constants
were based on a refitting of the recent data of Raiet al. [20]
and using the solubility product of amorphous PuO2(s) re-
ported by Lemire and Tremaine [18]. A summary of these
Pu(IV)-carbonate data fits is included in the appendix.

2.5 Surface complexation modeling

Sorption data were fit using a modified version of the fitting
program FITEQL [21]. The code was modified to allow for
activity correction using the extended Debye–Hückel (b-dot)
model, a database link, and code stability for cases of large
species matrices such as the ones used here.

The speciation of the calcite surface was based on the
constant capacitance model of Pokrovsky and Schott [1].
The capacitance for calcite was based onI1/2/0.006 (F/m2)
reported in Pokrovskyet al. [6] which is high but consistent
with the capacitance reported elsewhere [1, 7]. The surface
species proposed by Pokrovsky and Schott [1] are listed in
Table 2. The reactive site density for>CaOH and>CO3H
sites was based on the geometric site density along the 104
plane of calcite (5 sites/nm2).

3. Results and discussion

3.1 Solution and surface speciation

The batch solution compositions were consistent with model
predictions of the total calcium and carbonate in solution at
calcite equilibrium (Fig. 1). At 0.03% CO2(g), total calcium
in solution is highest (0.04 mol/L) at pH 7.5 and decreases
rapidly with increasing pH. Total carbonate, on the other
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Reaction logK Reference
(298 K, I = 0)

Eu3+ +H2O = EuOH2+ +H+ −7.90 1
Eu3+ +2H2O = Eu(OH)2

+ +2H+ −16.37 1
Eu3+ +3H2O = Eu(OH)3(aq)+3H+ −25.41 1
Eu3+ +4H2O = Eu(OH)4

− +4H+ −34.51 1
Eu3+ +HCO3

− = EuHCO3
2+ 2.10 2

Eu3+ +HCO3
− = EuCO3

+ +H+ −2.43 2
Eu3+ +2HCO3

− = Eu(CO3)2
− +2H+ −7.76 2

Eu3+ +3HCO3
− = Eu(CO3)3

3− +3H+ −18.49 3
Sm3+ +H2O = SmOH2+ +H+ −7.96 1
Sm3+ +2H2O = Sm(OH)2

+ +2H+ −16.50 1
Sm3+ +3H2O = Sm(OH)3(aq)+3H+ −25.91 1
Sm3+ +4H2O = Sm(OH)4

− +4H+ −35.01 1
Sm3+ +HCO3

− = SmHCO3
2+ 2.10 2

Sm3+ +HCO3
− = SmCO3

+ +H+ −2.53 2
Sm3+ +2HCO3

− = Sm(CO3)2
− +2H+ −7.86 2

NpO2
+ +H2O = NpO2OH(aq)+H+ −11.30 3

NpO2
+ +HCO3

− = NpO2CO3
− +H+ −5.37 3

NpO2
+ +2HCO3

− = NpO2(CO3)2
3− +2H+ −14.12 3

NpO2
+ +3HCO3

− = NpO2(CO3)3
5− +3H+ −25.49 4

PuO2
+ +H2O = PuO2OH(aq)+H+ −9.73 3

PuO2
+ +HCO3

− = PuO2CO3
− +H+ −5.21 3

PuO2
+ +3HCO3

− = PuO2(CO3)3
5− +3H+ −26.00 3

Pu4+ +H2O = PuOH3+ +H+ −0.78 3
Pu4+ +2H2O = Pu(OH)2

2+ +2H+ −1.66 5
Pu4+ +3H2O = Pu(OH)3

+ +3H+ −4.62 5
Pu4+ +4H2O = Pu(OH)4(aq)+4H+ −8.85 5
Pu4+ +2H2O = PuO2(amorphous)+4H+ 2.02 3
Pu4+ +2H2O+2HCO3

− = Pu(OH)2(CO3)2
2− +4H+ −2.75 6

Pu4+ +4H2O+2HCO3
− = Pu(OH)4(CO3)2

4− +6H+ −25.53 6
Pu4+ +4HCO3

− = Pu(CO3)4
4− +4H+ −4.62 7

Pu4+ +5HCO3
− = Pu(CO3)5

6− +5H+ −16.30 6
HCO3

− +H+ = CO2(g)+H2O 7.81 4
HCO3

− +H+ = CO2(aq)+H2O 6.34 4
HCO3

− = CO3
2− +H+ −10.33 4

1: Haaset al. [17];
2: Spahiu and Bruno [16];
3: Lemireet al. [18];
4: Johnson and Lundeen [15];
5: Lemire and Tremaine [19];
6: Refitted Raiet al. [20] data;
7: Lemireet al. [18] data combined with fitted data of Raiet al. [20].

Table 1. Predominant aqueous species and their re-
action constants.

Table 2. Surface complexation model for calcite based on data from
Pokrovsky and Schott [1].

Surface reaction logK (298 K, I = 0)

>CO3H = >CO−
3 +H+ −5.1

>CO3H+Ca2+ = >CO3Ca+ +H+ −1.7
>CaOH= >CaO− +H+ −12.0
>CaOH+H+ = >CaOH2

+ 11.85
>CaOH+HCO3

− +H+ = >CaHCO3 +H2O 13.17
>CaOH+HCO3

2− = >CaCO3
− +H2O 6.77

hand, is highest at pH 9.75 (0.075 mol/L) and decreases
rapidly with decreasing pH. Speciation at 1% CO2(g) is
similar but shifted to a lower pH. The dominant calcite sur-
face species are controlled by solution conditions. Thus, at
high pH, the surface is predicted to be dominated by>CO3

−

terminations while at low pH it is dominated by>Ca+ or
>CaOH2

+ terminations. Again, the trends in the surface spe-
ciation are similar for the 0.03% and 1% CO2(g) data but are
shifted to lower pH at higher CO2(g) fugacities. The point of

zero charge (pzc) for calcite at 0.03% CO2(g) is predicted to
be at pH 8.25. At 1% CO2(g), the pzc is shifted to pH 7.5.

Figs. 2 through 5 present the calculated aqueous specia-
tion of sorbing radionuclides as a function of pH and solu-
tion condition. The Sm(III) speciation is essentially identical
to that of Eu(III) and is, therefore, not shown. Eu(III) specia-
tion at 0.03% CO2(g) is dominated by europium mono- and
di-carbonate aqueous species; the tri-carbonate concentra-
tion is negligible at all but the highest pH (Fig. 2). As in the
case of major cation and surface speciation discussed ear-
lier, speciation trends are essentially similar at 1% CO2(g)

but are shifted to a lower pH at the higher CO2(g) fugac-
ity. However, the contribution of EuOH+ and Eu(CO3)3

3− is
diminished.

At 0.03% CO2(g), Np(V) speciation is dominated by the
free NpO2

+ ion and the carbonate complexes (Fig. 3). As
in the case of Eu(III), the tricarbonate species appears only
at the highest pH and at a low relative concentration. The
speciation of Pu(V) is expected to be similar to Np(V). How-
ever, a formation constant for the PuO2(CO3)2

3− species was
not found in the literature. Since SC modeling would be ad-



Eu(III), Sm(III), Np(V), Pu(V), and Pu(IV) sorption to calcite 97

Fig. 1. Predominant (a) aqueous and (b) surface species at calcite sat-
uration conditions.I = 0.1 and 0.03% CO2(g) (thick lines) or 1%
CO2(g) (thin lines). and represent typical batch solution total cal-
cium and carbonate alkalinity results, respectively (0.03% CO2(g) =
filled symbols, 1% CO2(g) = open symbols).

Fig. 2. Speciation of Eu(III) atI = 0.1, calcite saturation conditions,
and 0.03% CO2(g) (thick lines) or 1% CO2(g) (thin lines).

versely affected by the missing di-carbonate species, we as-
sumed that the formation constant for the Pu(V) and Np(V)
di-carbonate species is essentially the same. With the inclu-
sion of the Pu(V) di-carbonate species, the speciation trends
for Np(V) and Pu(V) are quite similar (Figs. 3 and 4). The
speciation of Pu(IV) at 0.03% CO2(g) is dominated by the
di-hydroxy-di-carbonate species(Fig. 5). This is consistent
with data of Raiet al. [20] and Yamaguchiet al. [22], as
described in the appendix.

Fig. 3. Speciation of Np(V) at 0.03% CO2(g), I = 0.1, and calcite sat-
uration conditions.

Fig. 4. Speciation of Pu(V) at 0.03% CO2(g), I = 0.1, and calcite sat-
uration conditions.

Fig. 5. Speciation of Pu(IV) at 0.03% CO2(g), I = 0.1, and calcite
saturation conditions.

3.2 Eu and Sm sorption

Eu sorption at 0.03% CO2(g) varies only slightly as a func-
tion of pH (Fig. 6). Sorption does, however, appear to de-
crease slightly at the lowest and highest pHs (this is more
obvious in the 1% CO2(g) data). Decreased sorption at lower
pH results most likely from an increase in the Eu3+ species
in solution (Fig. 2) combined with the increasingly positive
charge of the calcite surface (Fig. 1). At high pH, the de-
crease results most likely from the negative charge of the
dominant aqueous species (Eu(CO3)2

− and Eu(CO3)3
3−) and

an increasingly negative charge of the calcite surface. Never-
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Fig. 6. Eu sorption to calcite at 0.03% CO2(g) at 24 hours ( ) and 30
days (�). Lines present total and individual species SC model fits to
24 hour data.

theless, theKd only varies from 1300 to 8800 mL/g for the
24 hour sorption data. At 30 days, sorption has increased to
some degree (Kd = 3600 to 51000 mL/g) most likely due to
slow incorporation of Eu(III) into the calcite solid (e.g. [30]).
Eu sorption at 1% CO2(g) is quite similar to the 0.03%
CO2(g) data but shifted to lower pH (Fig. 7). The shift in
the sorption data parallels the predicted shift in surface and
aqueous speciation (Fig. 1).

The 24 hour sorption data were modeled using the con-
stant capacitance model described earlier. Fits to the data
are shown in Fig. 6 and 7 and reaction constants are listed
in Table 3. Two SC reactions are the minimum number that
fit the sorption data over the entire pH range and at both
CO2 fugacities (>CaCO3EuCO3

0 and>CaCO3Eu(CO3)2
2−).

Separate fits to the 1% and 0.03% CO2(g) data resulted in
similar reaction constants (Table 3). While our SC model
may not represent a unique solution to the sorption data, our
modeling suggests that the effect of pH and CO2 fugacity
on sorption can be accounted for using a calcite SC model.
Importantly, the SC reactions reported in Table 3 only rep-
resent the reaction stoichiometry that best fits the data and

Reactionb log K Data Set
(298 K, I = 0)

>Ca+ +Eu3+ +2HCO3
− = >CaCO3EuCO3

0 +2H+ 3.49 0.03% CO2(g)
>Ca+ +Eu3+ +3HCO3

− = >CaCO3Eu(CO3)2
2− +3H+ −2.38 24 h

>Ca+ +Eu3+ +2HCO3
− = >CaCO3EuCO3

0 +2H+ 3.80 1% CO2(g)

>Ca+ +Eu3+ +3HCO3
− = >CaCO3Eu(CO3)2

2− +3H+ −2.60 24 h

>Ca+ +Sm3+ +2HCO3
− = >CaCO3SmCO3

0 +2H+ 3.90 0.03% CO2(g)

>Ca+ +Sm3+ +3HCO3
− = >CaCO3Sm(CO3)2

2− +3H+ −1.86 24 h
>Ca+ +Sm3+ +2HCO3

− = >CaCO3SmCO3
0 +2H+ 3.69 1% CO2(g)

>Ca+ +Sm3+ +3HCO3
− = >CaCO3Sm(CO3)2

2− +3H+ −2.74 24 h

>Ca+ +NpO2
+ +1HCO3

− = >CaCO3NpO2
0 +H+ 4.36 0.03% CO2(g)

>Ca+ +NpO2
+ +2HCO3

− = >CaCO3NpO2CO3
2− +2H+ −1.54a 24 h

>Ca+ +PuO2
+ +2HCO3

− = >CaCO3PuO2CO3
2− +2H+ −1.40 0.03% CO2(g)

48 h

>Ca+ +Pu4+ +2HCO3
− +2H2O = >CaCO3Pu(OH)2CO3

− +4H+ 15.76 0.03% CO2(g)

>Ca+ +Pu4+ +2HCO3
− +4H2O = >CaCO3Pu(OH)4CO3

− +6H+ −8.80 48 h

a: If only the>CaCO3NpO2CO3
2− species is included in the fit, logK = −1.14 and the overall fit to the data is still

reasonably good;
b: These reactions only imply a reactions stoichiometry and do not imply a reaction mechanism. All reactions were

written in terms of the primary species of our database (>Ca+, Eu3+, HCO3
−, Sm3+, NpO2

+, PuO2
+, and Pu4+,

H2O, and H+).

Table 3. Best fit parame-
ters for modeling sorption
to calcite.

Fig. 7. Eu sorption to calcite at 1% CO2(g) at 24 hours ( ). Lines
present total and individual species SC model fits.

do not imply a specific surface coordination. In this report,
we attempt to keep modeling in its simplest form using the
minimum number of reactions that adequately fit the avail-
able sorption data and based exclusively on monodentate
(or 1 : 1) SC reactions. The SC model could fit our sorp-
tion data equally well using bidentate reactions (as stated in
Kosmulski [35], when surface loads are low, fitted mono-
dentate and bidentate surface complexation reactions lead
to identical uptake curves and kinetic expressions). Mono-
dentate SC reactions were used so as not to unintentionally
imply knowledge of radionuclide surface coordination based
on these sorption data. Interestingly, the spectroscopic data
reported in [30] for Cm(III) sorption to calcite suggest that
adsorbed Cm(III) substitutes for Ca2+ at the surface, is co-
ordinated to several CO3

2− ions (with a single CO3
2− in

solution), and most resembles atetracarbonato coordinated
species. Our SC modeling results, while not implying a spe-
cific surface coordination, also suggest that sorbed Eu(III)
will be primarily coordinated by CO3

2− anions. The value
of this modeling is the ability to semi-empirically predict
the sorption behavior of Eu over a range of pH and so-
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lution conditions and qualitatively understand the factors
affecting Eu sorption (and migration in the environment).
The reaction stoichiometries cannot be directly compared
to spectroscopically-identified surface structures of trivalent
cations on calcite. However, the spectroscopic evidence for
Cm(III) and Eu(III) coordinated to CO3

2− anions at a hy-
drated calcite surface [30, 31] is qualitatively similar to the
CO3

2− coordinated SC reactions reported in Table 3.
The constant capacitance SC model was based on

Pokrovsky and Schott [1]. Over the range of conditions
examined here, the relative abundance of the>CO3

− and
>CaCO3

− and the>CaOH2
+ and>CO3Ca+ surface species

as a function of pH are similar (Fig. 1). This is not altogether
unreasonable since, upon sorption of Ca2+ to a>CO3

− site,
the resulting surface site can be described as either>Ca+

or >CO3Ca+ depending on where one defines the surface
boundary. This interpretation of the surface was proposed
to explain the unusually high capacitance of the calcite sur-
face [23]. In fact, a surface species such as>CaCO3EuCO3

0

should not be distinguished from>CO3EuCO3
0 in our SC

model. Furthermore, mechanistically, our SC model can be
interpreted to suggest that sorption occurs when Ca2+ at
a >CO3Ca+ site is exchanged by EuCO3

+ or Eu(CO3)2
−,

similar to what has been suggested in [30]. For simplicity,
we rely solely on the>Ca+ surface terminations for sorption
modeling.

Sorption of Sm to calcite over the range of pH and CO2

fugacity examined is nearly identical to that of Eu (Figs. 8
and 9). This is consistent with earlier sorption and coprecip-
itation data [12, 13, 24] as well as speciation data [25]. The
unusually high Sm sorption at 24 hours and 0.03% CO2(g)

results in a higher predicted>CaCO3Sm(CO3)2
2− reaction

constant when compared to the 0.03% CO2(g) Eu and the
1% CO2(g) Eu and Sm data (Table 3). The relatively short
sorption reaction time (24 hours) should have minimized
incorporation of Sm into the calcite solid. However, slight
changes in pH or solution conditions may have caused cal-
cite to precipitate and led to greater apparent Sm adsorption.
The likelihood that processes other than adsorption affect
our sorption results increaseswith time as radionuclide in-
corporation into the calcite solid (e.g. [30] becomes more
likely.

Zhong and Mucci [12] measured the sorption of REEs
to calcite under seawater conditions, at 0.3% CO2(g), and
at very high REE concentrations (batch systems where all
12 REEs, each of which was∼ 6.5×10−7 mol/L, were in-
troduced simultaneously). Their measuredKds under these
conditions for Sm and Eu were 1800 and 1500 mL/g, re-
spectively. For Sm at pH 8 (the approximate pH of sea-
water) our measuredKd is 4000 mL/g at 1% CO2(g) and
> 75000 mL/g at 0.03% CO2(g)1. While a difference in so-
lution conditions prevent a direct comparison of data, our
range of measured values is significantly higher than re-
ported by Zhong and Mucci [12]. The lower values in [12]
are likely the result of the very high REE surface loading

1 At 0.03% CO2(g) and pH 8, the aqueous Sm concentration was
below our detection limit of 10−9 mol/L. Some Sm incorporation
into the calcite solid, as a result of calcite precipitation, may have
resulted in a SmKd significantly higher than Eu. However, slow in-
corporation into calcite, as described in [30] is not likely due to the
short sorption time.

Fig. 8. Sm sorption to calcite at 0.03% CO2(g) at 24 hours ( ) and 30
days (�). Lines present total and individual species SC model fits to 24
hour data. Aqueous concentration data () and overall fit to this data
(solid line).

Fig. 9. Sm sorption to calcite at 1% CO2(g) at 24 hours ( ). Lines
present total and individual species SC model fits.

which likely resulted in saturation of calcite surface sites2.
For Eu at pH 8, our measuredKd is 4000 mL/g at 1%
CO2(g) and 8000 mL/g at 0.03% CO2(g); these values are
also significantly higher than those in [12].

3.3 Np sorption to calcite

Np(V) sorption to calcite is much weaker than Sm and Eu
and significantly greater pH dependence exists (Fig. 10).
Over the pH range examined, theKd ranges from 0 to
217 mL/g. At the higher and lower pHs, sorption decreases
and we attribute this to surface charging and aqueous com-
plexation effects similar to those described for Eu and Sm.
Two SC reactions fit the sorption data well but a single SC
reaction fit the sorption data nearly equally as well (Table 3).
The results presented here suggest that pH and carbonate al-
kalinity will have a significant effect on Np(V) sorption to
calcite.

Keeney-Kennicutt and Morse [8] measured the sorption
of Np(V) to a number of minerals in de-ionized water as
well as a number of synthetic and natural seawaters (all
at pH∼ 8). At very low concentrations (10−13 mol/L) in
de-ionized water equilibrated with 0.03% CO2(g), a Kd of
1815 mL/g was measured compared to 217 mL/g measured
here (at pH 8). The difference in sorption affinity is likely

2 Note that BET surface areas differed only by a factor of two here
and in [12].
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Fig. 10. Np sorption to calcite at 0.03% CO2(g) at 24 hours ( ). Lines
present total and individual species SC model fits.

the result of at least three factors: (a) the surface area of cal-
cite used here is nearly three times lower, (b) a very low
Np(V) concentrations was used in Keeney-Kennicutt and
Morse [8] and could have resulted in preferential sorption
of Np(V) to higher affinity sites, and (c) the solution com-
position was significantly different. Given the limitations of
the comparison, our results are in good agreement with data
of Keeney-Kennicutt and Morse [8]. However, our data also
show that pH and carbonate alkalinity will greatly affect the
affinity of Np(V) for the calcite surface.

3.4 Pu(V) and Pu(IV) sorption

The sorption behavior of Pu(V) at 48 hours is quite simi-
lar to Np(V) (Fig. 11). The fitted reaction constant for
>CaCO3PuO2CO3

2− is also consistent with the parallel
Np(V) SC reaction (Table 3). The inclusion of the Pu(V) di-
carbonate aqueous species, estimated based on the Np(V) di-
carbonate speciation constant, was essential to adequately fit
the decreased sorption at high pH. In the case of Pu(V) sorp-
tion, only one SC reaction is necessary to adequately fit the
sorption data. Also, the measuredKd at pH 8 (∼ 20 mL/g)
compares favorably with Keeney-Kennicutt and Morse [9]
(550 mL/g) when accounting for differences in experimen-
tal methods. The methods used by Keeney-Kennicutt and
Morse [9] were similar to those described for Np(V) [8]
earlier3.

Interestingly, the fraction of Pu(V) sorbed to the calcite
surface increases significantly after 7 days. While this may
be the result of slow incorporation of Pu(V) into the calcite
solid, it may also result from redox changes in Pu as a func-
tion of time [26]. At pH 8 and low Pu(V) concentrations, we
measured Pu(V) reduction to Pu(IV) at a rate equivalent to
t1/2 = 0.2 years. The slow reduction of Pu(V) to Pu(IV) in
solution followed by sorption of Pu(IV) can explain the ob-
served increase in sorption equally well. Increased sorption
as a function of time was observed by Keeney-Kennicutt and
Morse [9] for Pu(V) sorption toδ-MnO2 and goethite (rate of
seconds to minutes) and also observed to occur in the pres-
ence of calcite at relatively slow rates (days). Since Pu(IV)
has a much greater affinity for the calcite surface than Pu(V),
the slow reduction of Pu(V) to Pu(IV) in solution [27, 28]

3 The Np(V) comparison yields an order of magnitude difference
in Kd which is equivalent to the Pu(V) comparison.

Fig. 11. Pu(V) sorption to calcite at 0.03% CO2(g) at 48 hours ( ) and
7 days ( ). Line presents SC model fit of>CaCO3PuO2CO3

2− species
to 48 hour data.

Fig. 12. Pu(IV) sorption to calcite at 0.03% CO2(g) at 48 hours ( ) and
7 days ( ). Lines present total and individual species SC model fits to
48 hour data.

may result in a slow increase in the overall sorption of Pu to
calcite.

The sorption of Pu(IV) to calcite (Fig. 12) is much
greater than Pu(V) over the entire pH range examined. How-
ever, a decrease in sorption is still observed at low and
high pHs. Pu(IV)Kds range from 60 mL/g at pH 9.75 to
1100 mL/g near pH 8 compared to a range of 5 to 125 mL/g
for Pu(V). The agreement between the 48 hour and 7 day
sorption data suggest that Pu(IV) is relatively stable both in
solution and sorbed to calcite and that incorporation into the
calcite solid is not significant over these times. No choice
of SC reaction could fit the large decrease in Pu(IV) sorp-
tion at high pH. While some decrease in sorption at high pH
is predicted with the SC model fit shown in Fig. 12 (reac-
tion constants in Table 3), the decrease does not match the
data very well. The limited aqueous Pu(IV) speciation data
and the fact that SC modeling cannot fit sorption data at high
pH suggests that aqueous species other than those shown in
Fig. 5 exist and play a role in the speciation of Pu(IV) at
high pH. For example, mono-, di-, or tri-carbonate Pu(IV)
species may dominate aqueous speciation at high pH and af-
fect sorption. It may also be that the significant uncertainty
in the Pu(IV) hydroxycarbonate and carbonate aqueous spe-
ciation constants affects our ability to effectively model the
sorption data at high pH.

The data presented here are some of the few data avail-
able in the literature regarding REE and actinide sorption
to calcite as a function of carbonate alkalinity and pH. Un-
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derstanding the effect of solution conditions on sorption
is critical to improving our ability to predict the behav-
ior of these elements in the environment. Surface com-
plexation modeling, when coupled with an understanding
of aqueous speciation, is an important tool in investigat-
ing the factors controlling sorption. Our data suggest that
radionuclide sorption to calcite can be an important pro-
cess controlling the radionuclide transport in the environ-
ment and that pH and carbonate alkalinity will affect this
process.
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Appendix

Some aqueous species included in Table 1 were based on fits
to amorphous PuO2 solubility data reported in Raiet al. [20].
These data were not included in Lemireet al. [18] but the
aqueous plutonium carbonate species evaluated based on
these data are critical to our evaluation of Pu(IV) sorption.

Rai et al. [20] examined the solubility of amorphous
PuO2 across a range of pH and carbonate alkalinity condi-
tions. Between pH 8 and 13, the solubility of amorphous
PuO2 remained constant, with an average aqueous Pu(IV)
concentration of 10−10.4 mol/L. This is in good agreement
with the predicted solubility based on thermodynamic data
in Table 2 (10−10.87 mol/L). Upon the addition of carbon-
ate ions in solution, the solubility of amorphous PuO2 in-
creased dramatically, suggesting the Pu(IV)-carbonate com-
plexation in solution significantly affected PuO2 solubility.
Rai et al. [20] fitted Pu(IV) solubility in KHCO3 (with
activity correction based on the Pitzer model) using two
aqueous Pu(IV)-carbonate species: Pu(OH)2(CO3)2

2− and
Pu(CO3)5

6−. We re-fit this data (with activity correction
based on the b-dot model) using the amorphous PuO2 solu-
bility product reported in Lemireet al. [18] (Fig. A1); these
reaction constants are listed in Table 1.

Fig. A1. Fit to amorphous PuO2 solubility as a function of KHCO3
concentration. Solubility experiments performed from oversaturation
and undersaturation and 5 to 51 day equilibration time. Data from
Rai et al. [20].

Rai et al. [20] also examined amorphous PuO2 solu-
bility in 0.01 mol/L KOH as a function of K2CO3 con-
centration. These data werenot fitted but suggested that
a third Pu(IV)-carbonate species may dominate at high pH.
We were able to fit this amorphous PuO2 solubility data
using a Pu(OH)4(CO3)2

4− aqueous species (Figs. A2 and
A3). Only the< 1 mol/L K2CO3 data were fit since the b-
dot activity correction model is unreliable at higher ionic
strengths. The 9 day and 49 day equilibrium solubility data
resulted in Pu(OH)4(CO3)2

4− reaction logK constants of
25.7 and 25.4; the average is reported in Table 1. Additional
evidence for the existence of this species comes from the
data of Yamaguchiet al. [22]. Their analysis of amorph-
ous PuO2 solubility at carbonate/bicarbonate concentrations
up to 0.1 molar suggested two dominant Pu(IV)-carbonate
species: Pu(OH)2(CO3)2

2− and Pu(OH)4(CO3)2
4−. We re-

fit these data based on the amorphous PuO2 solubility
product reported in Lemireet al. [18] which resulted
in log K constants of 0.74 and 24.3. These fitted con-
stants are 2.0 and 1.2 logK lower that those based on
the data of Raiet al. [20]. While the difference is sig-
nificant, it should not be surprising since the speciation
is based relative to the solubility product of amorphous

Fig. A2. Fit to amorphous PuO2 solubility as a function of K2CO3

concentration in 0.01 mol/L KOH solution. Solubility experiments
performed from oversaturation and 9 day equilibration time. Data from
Rai et al. [20]. Only < 1 mol/L K2CO3 data fitted.

Fig. A3. Fit to amorphous PuO2 solubility as a function of K2CO3

concentration in 0.01 mol/L KOH solution. Solubility experiments
performed from oversaturation and 49 day equilibration time. Data
from Raiet al. [20]. Only < 1 mol/L K2CO3 data used in fit.
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PuO2. The variability of amorphous PuO2 solubility im-
parts significant uncertainty to the aqueous species reac-
tion constants reported here. Nevertheless, the solubility
data of Raiet al. [20] and Yamaguchiet al. [22] clearly
show that carbonate complexation will increase the solu-
bility of amorphous PuO2 at carbonate concentrations as
low as 10−3 mol/L. Since the carbonate alkalinity of wa-
ters used in the batch sorption experiments reported here is
as high as 10−1 mol/L, Pu(IV) hydroxycarbonate or carbon-
ate species will certainly dominate the aqueous speciation
for a significant fraction of batch sorption experiments (i.e.
Fig. 5).
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